The activities of signaling pathways are critical for fungi to survive antifungal attack and to maintain cell integrity. However, little is known about how fungi respond to antifungals, particularly if these interact with multiple cellular targets. The antifungal protein AFP is a very potent inhibitor of chitin synthesis and membrane integrity in filamentous fungi and has so far not been reported to interfere with the viability of yeast strains. With the hypothesis that the susceptibility of fungi towards AFP is not merely dependent on the presence of an AFP-specific target at the cell surface, but relies also on the cell's capacity to counteract AFP, we used a genetic approach to decipher defense strategies of the naturally AFP-resistant strain Saccharomyces cerevisiae. The screening of selected strains from the yeast genomic deletion collection for AFP-sensitive phenotypes revealed that a concerted action of calcium signaling, TOR signaling, cAMP-PKA signaling and CWI signaling is likely to safeguard S. cerevisiae against AFP. Our studies uncovered that the yeast cell wall gets fortified with chitin to defend against AFP and that this response is largely dependent on calcium/Crz1p signaling. Most importantly, we observed that stimulation of chitin synthesis is characteristic for AFP-resistant fungi but not for AFP-sensitive fungi, suggesting that this response is a successful strategy to protect against AFP. We finally propose the adoption of the damage-response framework of microbial pathogenesis to the interactions of antimicrobial proteins and microorganisms in order to comprehensively understand the outcome of an antifungal attack.
The activities of signaling pathways are critical for fungi to survive antifungal attack and to maintain cell integrity. However, little is known about how fungi respond to antifungals, particularly if these interact with multiple cellular targets. The antifungal protein AFP is a very potent inhibitor of chitin synthesis and membrane integrity in filamentous fungi and has so far not been reported to interfere with the viability of yeast strains. With the hypothesis that the susceptibility of fungi towards AFP is not merely dependent on the presence of an AFP-specific target at the cell surface, but relies also on the cell's capacity to counteract AFP, we used a genetic approach to decipher defense strategies of the naturally AFP-resistant strain Saccharomyces cerevisiae. The screening of selected strains from the yeast genomic deletion collection for AFP-sensitive phenotypes revealed that a concerted action of calcium signaling, TOR signaling, cAMP-PKA signaling and CWI signaling is likely to safeguard S. cerevisiae against AFP. Our studies uncovered that the yeast cell wall gets fortified with chitin to defend against AFP and that this response is largely dependent on calcium/Crz1p signaling. Most importantly, we observed that stimulation of chitin synthesis is characteristic for AFP-resistant fungi but not for AFP-sensitive fungi, suggesting that this response is a successful strategy to protect against AFP. We finally propose the adoption of the damage-response framework of microbial pathogenesis to the interactions of antimicrobial proteins and microorganisms in order to comprehensively understand the outcome of an antifungal attack.
The emergence and spread of pathogenic microorganisms being resistant to virtually all available antimicrobials represents a serious challenge for medicine and agriculture and has stepped up efforts to develop new antimicrobials. The use of 'smarter' antibiotics, also called 'dirty drugs' affecting multiple cellular targets is one discussed strategy to prevent the development of resistance mechanisms (1, 2) . Of special interest is the exploitation of antimicrobial peptides (AMPs), which are natural products of pro-and eukaryotic organisms and function as defense molecules to combat nutrient competitors, colonizers or invaders (3, 4) . The currently known and studied AMPs have been catalogued in the antimicrobial peptide database (5, 6) which contains by 2010 more than 1,600 members. Although AMPs are different in sequence and secondary structure, they share common attributes. Most of them are derived from precursors, are small in size (< 100 amino acids with frequent use of glycine, alanine, lysine and cysteine), display cationic and amphipathic properties and resist proteolytic degradation due to stabilizing disulfide bonds (2, 4, 5) . Their positive net charge attracts them electrostatically to negatively charged cell surfaces of microorganisms, where hydrophobic and/or receptor-based interactions allow them to bind, traverse or permeabilize biological membranes (4, 7, 8) . Thereby provoked membrane alterations cause dysfunctions such as loss of ion homeostasis and/or cell wall biopolymer synthesis, which in turn represents a potentially lethal stress situation. Additional intracellular interactions of translocated AMPs with molecules displaying negative net charges, e.g. proteins, nucleic acids and oligosaccharides, can eventually lead to cell death (7) .
One very promising AMP for the employment in antifungal treatments is the antifungal protein AFP produced by the filamentous fungus Aspergillus giganteus. AFP is a 5.8 kDa small, cystein-rich, amphipathic protein with a positive net charge and secreted by A. giganteus especially under non-favorable growth conditions (9, 10) . The protein is active against filamentous fungi, including serious human and plant pathogens, but inactive against bacteria, yeast, plants or mammalian cells and successfully protects plants from colonization or invasion of filamentous fungi (11, 12) . AFP heavily localizes to the cell wall and plasma membrane of sensitive filamentous fungi where it provokes membrane stretching and permeabilization (13) (14) (15) . It comprises a chitinbinding domain and inhibits chitin synthesis in sensitive filamentous fungi (13) . In collapsed and dead cells, AFP can also be found intracellularily (14, 15) where it might bind via its oligonucleotide/oligosaccharide-binding (OB) fold to anionic molecules such as nucleic acids (16) . A shorter version of AFP exhibiting the chitinbinding domain but lacking the hydrophobic domain (sAFP) does not disturb the cell wall / cell membrane integrity of AFP-sensitive filamentous fungi although it is able to bind to chitin and nucleic acids under in vitro conditions (13) . This loss of bioactivity implies that the primary inhibitory effect of AFP is exerted at the cell surface where potential target(s) of AFP reside(s). Most-importantly, not all filamentous fungi are equally susceptible towards AFP, some are highly sensitive (minimal inhibitory concentration, MIC, 0.1-10 μg/ml; Aspergillus niger, Fusarium oxysporum) or moderate-sensitive (100 < MIC < 400 μg/ml; A. giganteus), others are resistant (Penicillium chrysogenum).
Microorganisms confronted with multifunctional AMPs such as AFP have to resist these protein activities to ensure cell survival. Some microorganisms may be inherently resistant as their cell surfaces lack electrostatic affinity or receptors for AMPs. Others comprising these targets can potentially counteract AMP's attack e.g. by shielding their surface via remodeling of their cell wall / cell membranes, by extracellular trapping of AMPs at specific cell surface areas, by expressing specific proteases or by modification of intracellular targets (2, 7) . Prerequisite for these adaptive survival responses are the activities of signaling cascades which sense and transduce stress signals to activate and coordinate the defense reaction in a timely fashion (17) .
Using A. niger as model system, we could recently show that one defense mechanism to counteract AFP inhibitory effects is induction of the cell wall integrity (CWI) pathway, a highly conserved signaling cascade which secures cell surface protection in yeast and filamentous fungi (17) (18) (19) (20) and results in A. niger in increased expression of the agsA gene, encoding an α-1,3-glucan synthase (13) . However, when induction of the CWI pathway is meant to protect A. niger, why gets the fungus killed by AFP? One compelling explanation is that up-regulation of the CWI pathway might not be the most adequate response to counteract AFP. To pursue that hypothesis, we studied in this work the counteractive potential of the AFP-resistant yeast Saccharomyces cerevisiae. We choose S. cerevisiae as a model system because the architecture of its cell wall shares many similarities with the cell wall of filamentous fungi (21) and because a genome-wide deletion mutant collection is available. We speculated that mutations affecting processes which normally guarantee cell wall and plasma membrane integrity could render an AFP-resistant organism, such as S. cerevisiae, AFP-sensitive. Thus, by means of screening mutants of an AFP-resistant fungus for AFP-sensitive phenotypes, it may be possible to spot and analyze defense mechanisms which are essential to survive an AFP attack.
EXPERIMENTAL PROCEDURES
Strains, growth conditions and molecular techniques-All strains used in this study are given in Table 1 and Supplemental Table S1 . S. cerevisiae strains are from the EUROSCARF collection (Frankfurt, Germany) containing gene deletions in the MATa background strain BY4741 (22) . Yeast strains were cultivated in YPD medium (2% peptone, 1% yeast extract, 2% dextrose; pH 6.5), whereas A. niger and P. chrysogenum were grown in YPD medium at pH 4.5. Alternatively, A. niger strains were cultivated in minimal medium (MM) (23) containing 1% glucose as a carbon source (if not otherwise stated) or in complete medium (CM), consisting of MM supplemented with 1% yeast extract and 0.5% casamino acids. 10 mM uridine was added when required. Transformation of A. niger, selection procedures, genomic DNA extraction and diagnostic PCR were performed using recently described protocols (24). Standard PCR, general cloning procedures in E. coli and Southern and Northern analyses were done according to (25) . Preparation of AFP-A. giganteus was cultivated in CM at 28°C for 4 d, after which the culture was cultivated for an additional 20 h at 37°C to foster expression and secretion of AFP. The protein was isolated and purified from the culture broth according to the protocol described in (14) . Sensitivity tests towards AFP and calcofluor white-Sensitivity of yeast and filamentous fungal strains against AFP was determined using a protocol according to (14) . In brief, 10 3 cells or spores were used to inoculate 150 μl YPD medium in the absence or presence of different AFP amounts (0.1 -400 μg/ml). Cultivations were carried out in technical triplicates in microtiter plate format (28 °C, 28 h, 120 rpm) and repeated at least twice. Growth was assessed by measuring the optical density at 600 nm. CFW sensitivity was determined using the protocol according to (26) by spotting serial dilutions of exponentially growing cultures on YPD agar containing 50 µg/ml CFW. Growth was assessed after 48 h incubation at 28 °C. SYTOX Green uptake assay-The assay was carried out in microtiter plate format using a slightly modified method described recently (14) . 10 5 yeast cells were cultivated at 28 °C in 150 μl YPD medium for 12 -16 h till they reached the midlogarithmic growth phase. 1 μM SYTOX-Green and AFP (up to final concentrations of 400μg/ml) were added. Fluorescence values were measured over time using a CytoFluor 2350 fluorescence measurement system (excitation 480 nm, emission 530 nm) and corrected by subtracting values from AFP-untreated samples. All measurements were carried out in triplicates. Cell wall polymer quantification-10 6 yeast cells or fungal spores were inoculated per ml of YPD medium and incubated in the presence (150 µg/ml) or absence of AFP. For some experiments, 50 nM BAPTA or 10 nM FK506 were added as well. After cultivations for 28 h at 28 °C, biomass was harvested and the amount of chitin and β-1,3-glucan determined. Cell wall chitin was isolated after (27) , measured according to (28, 29) and calculated per dry biomass. β-1,3-glucan levels were determined after (30) and calculated per dry biomass. All isolations and measurements were done from at least two independent experiments. Microscopy-Cells or conidia (3 x 10 5 ) of S. cerevisiae or A. niger strains were inoculated in 3 ml liquid medium (YPD or MM supplemented with 0.003% yeast extract) and cultivated on cover slips in the presence or absence of 400 µg/ml AFP for 28 h at 28 °C. For chitin visualizations, cells adherent to the cover slips were incubated for ten minutes in 10 μg/ml CFW and rinsed thereafter with water before subjected to microscopy. Samples were observed with an Axioplan 2 (Zeiss) equipped with a DKC-5000 digital camera (Sony) using differential interference contrast or DAPI settings. Images were captured with a 100x objective and processed using Adobe Photoshop 6.0 (Adobe Systems Inc.). Construction of chs1Δcrz1Δ deletion strain of S. cerevisiae-The CRZ1 gene was deleted in the chs1Δ knock out strain Y02020 (EUROSCARF) by replacing it with the selection marker URA3 of Kluyveromyces lactis. For this purpose, the URA3 cassette from plasmid pGEMT-URA3 (unpublished, kindly provided by Udo Schmidt, TU Berlin) was amplified by PCR which also introduced CRZ1 homologous flanks necessary for homologous recombination (for primers see Supplemental Table  S2 ). S. cerevisiae transformants were selected by uracil prototrophy and CRZ1 deletion was verified using diagnostic PCR. Construction of an A. niger csmB deletion strain-A fusion PCR approach was used to construct a csmB deletion cassette. In brief, ~ 1 kb of the promoter and terminator regions of csmB (An02g02340) were amplified from genomic DNA of A. niger N402 using primer pairs given in Supplemental Table S2 . As selection marker, the A. fumigatus pyrG gene was used which was amplified from GFP-AfpyrG cassette (31) using primers SMP1 and GFP2. The three amplified fragments were purified and subjected to the fusion PCR using primers PP1 and GSP4. The PCR product obtained was used to transform the pyrG -strain MA70.15 which allows targeted integration at high frequencies (32) . Uracilprototroph transformants were selected, purified and subjected to Southern analyses according to (24) to confirm gene deletions. 6 /ml conidia of JP3-K4 and VG5.1 (control strain containing plasmid pVG2.2 at the pyrG locus (33)) were used to inoculate liquid CM containing 5 µg/ml of doxycycline (Dox) to induce expression of chsD. As a control, no Dox was added. After 16 h of cultivation, 10 μg/ml AFP were added to the cultures and after an additional incubation for 3 h in the presence or absence of AFP, chitin levels were determined as described above. The assay was repeated twice.
Construction of an A. niger chsD overexpression strain and chitin assay-

RESULTS
We selected from the S. cerevisiae deletion strain collection 100 strains, all being deleted in a single non-essential gene (Table 1 ). This set of strains included mutants affected in cell wall and plasma membrane assembly and mutants disturbed in signaling processes such as CWI signaling, calcium signaling, high osmolarity glycerol (HOG) signaling, protein kinase A (PKA) signaling and TOR signaling known to be important to fortify and preserve the yeast cell wall (17, 21, 36) . As for several yeast systems it has been reported that an elevated cell wall chitin content very often correlates with hypersensitivity to the chitin antagonist calcofluor white (CFW, (36-38)), we also wished to determine whether there is a general relationship between chitin levels in S. cerevisiae and susceptibility to AFP. Hence, the selected strain collection also contained mutants displaying increased or decreased chitin levels compared to the wild-type S. cerevisiae.
AFP has the capacity to cause damage to S. cerevisiae. All mutant strains were grown in YPD medium in the presence of 400 μg/ml AFP and cell growth was compared with cultivations in the absence of AFP. Under such high AFP concentrations, growth of the S. cerevisiae wt strain BY4741 is unaffected ( Fig. 1 and (14)). In contrast, growth of 35 out of 100 deletion strains became compromised by AFP ( Fig. 1 and Table 1 ), demonstrating that S. cerevisiae can become moderate-sensitive towards AFP. The inhibitory effect of AFP ranged from strong inhibition (residual growth of 10-29%, group A) to weak inhibition (residual growth of 70-89%, group D). For the majority of the strains, growth remained unaffected by AFP (59 strains, group E). Surprisingly, we also observed improved growth.
From the growth data obtained, three main conclusions were drawn. First, S. cerevisiae mutants with higher chitin content do not simply become AFP-sensitive (strains with up to 10 times higher wt chitin levels were tested, Table 1 ), suggesting that the overall chitin content is not per se important for the susceptibility against AFP. Second, from seven genes tested, known to orchestrate and catalyze chitin synthesis in S. cerevisiae (CHS1, CHS3, CHS4, CHS5, CHS6, CHS7, BNI4; note that CHS2 is an essential gene; (21)), only deletion of CHS1 rendered S. cerevisiae AFP-sensitive, making Chs1p as the prime chitin synthase responsible for the resistance of S. cerevisiae against AFP. Thirdly, and most interestingly, deletions of almost all genes constituting the classical CWI signaling pathway (17), i.e. WSC2, WSC3, WSC4, MID2, ROM1, ROM2, BCK1, MKK1, MKK2, MPK1, RLM1, SWI4 and SWI6 did not or only marginally render S. cerevisiae sensitive towards AFP, suggesting that CWI signaling is of only minor importance to counteract any detrimental effects provoked by AFP. The only exception was the wsc1Δ strain, which like chs1Δ, felt into the sensitive group A. S. cerevisiae becomes vulnerable to AFP during cell separation. Four mutants constituted the group of most susceptible strains -chs1Δ, wsc1Δ, vps34Δ and tor1Δ (Table 1) . Chs1p acts as a septum repair chitin synthase to replenish chitin lost through chitinase activity during motherdaughter cell separation (39) . Wsc1p is, like Wsc2p, Wsc3p and Mid2p, a cell wall-and cell membrane-spanning sensor which signals cell wall stress to the CWI pathway (21, 40) . Some features of Wsc1p, however, distinguishes it from the other sensors, e.g. only Wsc1p localizes to sites of polarized growth, cycles in a cell cycle-dependent manner between the cytoplasm and the plasma membrane and becomes rapidly internalized by endocytosis after completion of cell separation (41) .
The gene VPS34 encodes a phosphatidylinositol 3-kinase (PIK) required for phosphatidylinositol metabolism, endocytic uptake and vacuole partitioning between mother and daughter cells during cell division (42, 43) . Moreover, its activity is also functionally linked to the Tor1p protein in S. cerevisiae and higher eukaryotes (44, 45) . Tor1p is a membrane localized PIK-related kinase and, as a subunit of the TORC1 complex, implicated in phosphatidylinositol metabolism and myriads of other processes including cell cycle regulation and endocytosis (46) .
Common to all four proteins is a function during cell separation, suggesting that S. cerevisiae might become vulnerable to AFP in a cell cycledependent manner. We thus questioned whether AFP affects cell separation in these mutants and, as shown for all sensitive filamentous fungi so far (13, 14) , is able to permeabilise their plasma membranes. As shown in Figure 2A , the budding pattern of the wt strain was not compromised by AFP, i.e. cells separated well after budding. In contrast, chs1Δ, wsc1Δ, tor1Δ and vps34Δ cells remained attached to each other and formed aggregates in the presence of AFP, suggesting that AFP interrupts cell division. In addition, the plasma membranes of all four deletion strains became readily permeabilized by AFP within 10 minutes after AFP addition, which was not the case for the wt strain (Fig. 2B) . These results suggested that S. cerevisiae can become attacked by AFP, especially when its plasma membrane is exposed and not sufficiently or timely protected, e.g. by the formation of new cell wall chitin.
S. cerevisiae counteracts AFP with increased chitin synthesis. Having the moderate-sensitive strains chs1Δ, wsc1Δ, tor1Δ and vps34Δ in hand, we sought to identify mechanisms on how these strains responded to AFP and which defense strategies were used to counteract AFP inhibitory effects. For this purpose, we cultivated the wt and mutant strains in the presence and absence of AFP and quantified chitin and β-1,3 glucan levels of their cell walls. All five strains responded with increased chitin synthesis to AFP, whereby strongest response was observed in chs1Δ and vps34Δ cells (Fig. 3A, B) . This data indicated that one counteracting mechanism of S. cerevisiae against AFP is fortification of the chitin layer, a defense strategy also used by S. cerevisiae to circumvent CFW inhibitory effects (38) . Notably, AFP obviously affected more cellular processes than CFW, because only chs1Δ and vps34Δ cells are vulnerable to CFW but not wsc1Δ and tor1Δ (Fig. 3C) . β-1,3 glucan contents was albeit slight but significantly reduced in all five strains (Fig.  3D) , suggesting that the stress-induced increase in chitin levels is paralleled by down-regulated glucan synthesis.
To assess whether the increase in cell wall chitin content in S. cerevisiae wt and mutant strains was due to the activities of Chs2p or Chs3p, we measured chitin levels in a bni4Δ strain stressed with AFP. Bni4p is a scaffold protein that specifically tethers Chs3p to the bud neck, thus regulating chitin synthesis at the chitin ring (47) . If Chs3p is the AFP-responsive chitin synthase, increased chitin synthesis would be abolished in a bni4Δ background; however, if Chs2p is the counteractive chitin synthase, increased chitin levels would still be observable in response to AFP treatment. As shown in Figure 3A , the chitin response towards AFP was completely lost in bni4Δ cells, strongly suggesting that AFPstimulated chitin synthesis in S. cerevisiae wt and mutant strains is largely dependent on Chs3p.
The AFP-induced chitin response is transcriptionally regulated via Crz1p signaling. Next, we questioned on how S. cerevisiae enforced chitin synthesis in response to AFP. Northern experiments revealed that the S. cerevisiae wt strain responded with increased transcription of all three chitin synthase genes CHS1, CHS2 and CHS3, whereby expression of CHS3 was stimulated most (Fig. 4A) . As our mutant screen revealed that the CWI pathway was not the main pathway that rescued S. cerevisiae from AFP, but that deletions in the calcineurin/Crz1p pathway rendered S. cerevisiae more susceptible to AFP (Table 1) , we suspected that the activity of the latter might be responsible for these transcriptional up-regulations. Supportive for this assumption was the observation that CRZ1 expression levels also increased when the wt was treated with AFP (Fig.  4A) . The increase in chitin content was in fact absent in strains deleted for components of the calcineurin/Crz1p pathway CCH1, MID1, CNA1, CNA2, CNB1 and CRZ1 ( Fig. 4B ; note the calmodulin gene CMD1 is an essential gene). Furthermore, when the chs1Δ strain was co-treated with AFP and the calcium chelator BAPTA, the increase in chitin content was reduced. The chitin response was almost fully abolished when chs1Δ was treated with AFP in the presence of the calcineurin inhibitor FK506 (Fig. 4C) , strongly suggesting that an intact calcineurin/Crz1p signaling pathway mediates increased chitin synthesis in response to AFP and that the activity of this pathway is sufficient to protect S. cerevisiae against AFP. In agreement, we observed a mild sensitization of the wt strain when co-treated with BAPTA or FK506 (Fig. 4D) .
To finally prove that increased chitin synthesis is largely controlled by Crz1p, we deleted the CRZ1 gene in the chs1Δ background and determined the growth inhibitory effect of AFP and chitin levels in the double mutant in the presence or absence of AFP. As depicted in Fig.  5A , the growth inhibitory effect of AFP against chs1Δcrz1Δ is stronger when compared with the crz1Δ strain and comparable with the chs1Δ strain. Importantly, the increase in chitin amounts in response to AFP became completely lost in the chs1Δcrz1Δ strain (Fig. 5B) , demonstrating that Crz1p is the main regulator responsible for the Chs3p-mediated chitin response.
Increased chitin synthesis is a consistent response of moderate-sensitive and resistant fungi. Previously, we have shown that chitin synthase activities are inhibited by AFP in sensitive fungi such as A. niger, A. oryzae and F. oxysporum (13) . As the present work revealed that resistant and moderate-sensitive S. cerevisiae strains responded with increased chitin synthesis to AFP, we speculated that elevated chitin synthesis may be a general cellular strategy of moderate-sensitive and resistant fungi to defend themselves against AFP. To prove or refute this assumption, we determined chitin levels in response to AFP in the AFPresistant strain P. chrysogenum and in an A. niger mutant strain, in which we have deleted the chitin synthase csmB (An02g02340), which is a predicted class V chitin synthase). We have decided to delete this chitin synthase due to several reasons. Class V chitin synthases are specific for filamentous fungi (48), csmB expression levels are strongly affected during cell wall stress (19) and deletion of the class V chitin synthase chsV in F. oxysporum made the strain hyperresistant towards AFP (13) . Indeed, for all yeast and fungal strains tested, we found a correlation between susceptibility and chitin synthesis ( (49) . We thus questioned whether the probability of survival also increases for a wt A. niger strain, when pre-treated with calcium. We thus allowed spores of A. niger to germinate, added CaCl 2 for defined incubation times, after which we removed it by washing the cells with fresh medium. After this procedure, growth of A. niger was assessed in the absence or presence of 10 μg/ml AFP. In addition, transcript levels of the chsD gene encoding the predicted S. cerevisiae Chs3p ortholog of A. niger (An09g02290, (50)) were followed. As shown in Figure 6A , AFP-induced growth inhibition was less severe when germlings were primed with CaCl 2 , especially when a pre-incubation time of 6 h was applied. As improved survival rates were paralleled by markedly increased transcript levels of chsD (Fig. 6B) suggested that a stimulated calcium signaling machinery can also confer a higher protection against AFP in a filamentous fungus.
We finally wished to test the idea whether an artificially stimulated chitin synthesis can also improve survival rates of a wt A. niger strain. To examine this, we constructed an A. niger strain (JP3-K4), in which the chsD gene was put under control of the inducible Dox-dependent promoter (33) . The addition of 5 μg/ml Dox provoked about 31.2 ± 3.1 % more chitin in JP3-K4. As the MIC of AFP against JP3-K4 increased as well (from 1 μg/ml in the absence of Dox to 3 μg/ml in the presence of Dox), we concluded that reinforced chitin synthesis has indeed the potential to protect A. niger against AFP attack.
DISCUSSION
With the hypothesis that the susceptibility of fungi towards AFP is also dependent on the cell's capacity to counteract AFP inhibitory effects, we sought to screen the yeast genomic deletion collection for AFP-sensitive mutants. The isolation of AFP-susceptible strains and their analysis in the present study strongly support the view that S. cerevisiae protects itself against AFP via stimulation of chitin synthesis which is mainly accomplished on transcriptional level via the calcium/calcineurin/Crz1p signaling pathway. A very likely candidate protein for the chitin rescue response is Chs3p as the chitin response was lost in a bni4Δ background. Most importantly, reinforcement of chitin synthesis is a response not merely specific for S. cerevisiae but is a distinctive feature of other AFP-moderate sensitive and AFPresistant fungi, supporting the conclusion that an elevation of chitin levels provides the necessary response to survive an AFP attack. Such a defense strategy seems not to be realized in AFP-sensitive fungi. Here, the classical CWI pathway becomes activated whose output is an increase in glucan but not chitin synthesis (13) . This response, however, obviously fails to counteract AFP.
The damage-response framework of AMPmicrobial interactions. The microbial defense strategy is thus an important parameter that determines the susceptibility of fungi against AFP, a conclusion that most likely can be extrapolated to the interactions of microorganisms with other AMPs. If the most adequate response has been initiated, the microorganism can resist an AMP attack, if a too weak or an inappropriate response has been opted, the microorganism becomes damaged or killed. Importantly, many signaling mechanisms such as calcium signalling meant to rescue from cell stress have the capacity to damage the microorganism itself (51, 52) . Thus, a microbial response has to be envisioned as a tightrope walk between survival and death. To comprehensively understand the inhibitory effect of AFP and in general of AMPs, we therefore propose that not only the defense strategy has to be taken into account but also a potentially self-induced damage by the microorganism. We therefore recommend the adoption of the concept of the 'damageresponse framework of microbial pathogenesis' put forward by Pirofksi and Casadevall in 1999 (53) (54) (55) to the analysis of interactions between AMPs and microorganisms. When translating the tenets of this conceptual approach to microbial-AMP interactions, one can postulate that the outcome of an AMP attack is dependent on i) the innate susceptibility of the microorganism, ii) the damage potential of the AMP defined by its concentration and target-(non)specific molecular interactions and iii) the microbial response, which can be appropriate, too weak or too strong and thus detrimental to the host. Consequently, the damageresponse framework plots the microbial damage as a function of the microbial response (Fig. 7A) and predicts that the cytotoxic capacity of a given AMP is relative and depends not only on the genetic background and AMP concentration but also on other variables such as microbial survival strategies.
The damage-response framework of AFPfungal interactions. A common feature of all AFPsensitive and moderate-sensitive fungi analyzed so far is that their plasma membranes get permeabilized within minutes ((13-15) and Fig. 2) , suggesting that the plasma membrane represents the Achilles heel of yeast and filamentous fungi when exposed to AFP. The damage-response framework of AFP-fungal interactions opens up many possible explanations why some fungi survive the plasma membrane attack and some not or only partially (Fig. 7B, C) . For example, a fungus can harbor a hypothetical AFP target but is resistant because of being fully competent in mitigating AFP (e.g. via increased chitin synthesis in S. cerevisiae and in P. chrysogenum) or because the target might be shielded because the cell wall is remodeled (e.g. as supposed for the ΔchsV mutant of F. oxysporum (56) and as also possible in the A. niger ΔcsmB strain). Alternatively, a fungus may contain a modified AFP target or less of it but is nevertheless susceptible because of being incapable to counteract AFP (e.g. the chs1Δcrz1Δ mutant of S. cerevisiae). One imaginable example for a too strong response would be an excessive calcium response, a hypothetical scenario that remains to be scrutinized. However, for the AFP-related protein PAF it has been shown that the PAF-sensitive fungus Neurospora crassa reacts with strongly increased intracellular calcium levels to PAF exposure (57) . It is thus conceivable that such a response might be causally linked to the induced programmed cell death phenotype observed in A. nidulans after treatment with PAF (58) .
The damage-response framework of AFP -S. cerevisiae interactions. Out from 100 yeast deletion strains selected, growth of 35 became compromised by AFP. These mutants were affected in different cellular processes (mainly chitin synthesis and endocytosis) and also in different signaling pathways (calcium signaling, TOR signaling, cAMP-PKA signaling, CWI signaling; Table 1 ). On the one hand this suggests that interference with chitin synthesis and endocytosis might render S. cerevisiae vulnerable to AFP and on the other hand that the concerted activities of these signaling pathways might be important to resist AFP.
Why are chitin synthesis and endocytosis important for the resistance of S. cerevisiae against AFP? The chs1Δ mutant showed highest susceptibilities towards AFP, suggesting that S. cerevisiae can become attacked by AFP especially during mother-daughter cell separation. This process is indeed very critical for cell integrity maintenance as the controlled activity of chitin synthesis (Chs1p) and chitin degradation (Cts1p) is necessary to separate both cells (39) . If the chitin layer is not timely closed, the plasma membrane might not be shielded sufficiently and could potentially be permeabilized by AFP. This scenario could also explain why the wsc1Δ strain is very sensitive towards AFP, because the main function of the mechanosensor Wsc1p (but not Mid2p) is to sense cell wall stress during cell separation (40). If such as stress signal is not generated, S. cerevisiae might not sufficiently or not timely enough respond to the AFP attack. Interestingly, Chs1p and Chs3p follow the same exocytotic and endocytotic route using chitosomes as transport vesicles (21, 59) . They become mobilized to the plasma membrane in a cell cycledependent manner to synthesize chitin at the bud neck after which they become endocytosed into chitosomes. Hence, endocytosis is essential to maintain the chitosome pool (21, 59 ). Our growthinhibitory screen uncovered nine endocytotic mutants (group C, Table 1 ), two of which, end3Δ and sla2Δ, have been shown to contain reduced Chs3p levels in purified chitosomes (59, 60) and also vps34Δ, whose function is important for endocytic sorting (61) . It is thus tempting to speculate that the blockage of endocytosis might interfere with the chitosomic reservoir of Chs1p and Chs3p which in turn cannot be mobilized during AFP attack.
Notably, not all S. cerevisiae signaling mutants were similarly impaired in growth, indicating that the respective pathways contribute to a varying extent to AFP counteraction (Fig. 8) . Based on the growth inhibition assays, we conclude that the CWI pathway is only of minor importance to protect S. cerevisiae against AFP (residual growth of 80-100%; the only exception is Wsc1p with 25%). We caution however that Rho1p and Pkc1p could still be involved in the survival responses as both proteins escaped from our analysis (rho1Δ and pkc1Δ strains are not viable). However, if an AFP stress signalsupposedly recognized by Wsc1p -is transmitted to both proteins, the signal is likely not channeled into the MAP kinase cascade of the CWI pathway. A clear growth inhibition (residual growth 60-89%) was observed when strains deleted for components of the cAMP-PKA signaling pathway (GPA2, PKA1, MSN2) were subjected to AFP. cAMP-PKA signaling is in fact a nutrient-sensing pathway that controls the cell cycle and transmits a glucose signal to various effectors, one of which can be the stress transcription factor Msn2p (62, 63) . Interestingly, cAMP-PKA signaling is intertwined with both calcium and TOR signaling via Msn2p under nutrient starvation conditions (63, 64) and with Wsc1p under thermal stress conditions (65) .
Calcium signaling and TOR signaling seemed to be the most crucial pathways for the rescue of S. cerevisiae from AFP attack (residual growth of 20-50%). Our data showed that stimulation of the chitin defense response is virtually completely dependent on the calcium signaling machinery, emphasizing the importance of calcium signaling for survival. Remarkably, all deletion strains of this signaling cascade (cch1Δ, mid1Δ, cna1Δ, cna2Δ, cnb1Δ, rcn1Δ and crz1Δ) showed similar susceptibilities towards AFP, suggesting that once a calcium signal had entered the pathway (hypothetically as calcium influx via the plasma membrane channels Cch1p and/or Mid1p), the signal was directly channeled to its effector Crz1p.
The tor1Δ mutant was among the most susceptible strains probably due to the fact that Tor1p occupies a central position in the regulatory network that balance growth, proliferation and survival of S. cerevisiae (46, 65) . 229 genetic and 175 physical interactions are recorded for Tor1p in the Saccharomyces Genome Database, demonstrating its broad scope of cellular and regulatory functions. Among the AFP-susceptible strains identified in this study were also mutants deleted in Tor1p effector proteins such as Sla2p, She4p, Vps34p, Ypk1p (endocytosis, (44, 66) ), Mpk1p (CWI signaling, (17)) and Pka1p (cAMP-PKA signaling, (62)), hinting at the possibility that Tor1p might contribute to the cellular defense against AFP via multiple pathways. Conclusions. The genetic approach followed in this work allowed the identification of a valuable collection of AFP-sensitive S. cerevisiae deletion strains, whose initial analysis revealed that a concerted action of calcium signaling, TOR signaling, cAMP-PKA signaling and CWI signaling is likely to safeguard S. cerevisiae against AFP. Biochemical analyses of selected strains uncovered that the cell wall of S. cerevisiae gets fortified with chitin in the presence of AFP and that this response is largely dependent on transcriptional stimulation via the calcium/calcineurin/Crz1p pathway. A comparative analysis of different fungi showed a correlation between chitin response and AFP susceptibility, suggesting that an increase in cell wall chitin is the best strategy for yeast and filamentous fungi to survive AFP. Further analyses will decipher how other fungal survival strategies contribute to the defense against AFP and to which extent the respective signaling pathways are interconnected. We finally propose the adoption of the damage-response framework of microbial pathogenesis to the interactions of AMPs and microorganisms in order to comprehensively understand microbial survival strategies. Fig. 1 . AFP susceptibilities of the S. cerevisiae wild-type strain BY4741 and selected deletion mutants when cultivated in YPD medium in the presence of 400 µg/ml AFP. Growth is expressed as percentages compared with the negative control, which consisted of the strains cultivated in the absence of AFP. The errors bars indicate standard deviations for triplicate experiments. Fig. 2 . S. cerevisiae cell morphology and membrane integrity in the absence and presence of AFP. Cells were treated as described in Experimental procedures. A, DIC micrographs of wt BY4741 and mutant strains, Bars, 10 μm. B, AFP-mediated membrane-permeabilising effect on mutant and wild-type strains of S. cerevisiae using the SYTOX Green uptake assay. This dye can only enter plasma membranes when compromised and previous work has shown that the degree of AFP activity can be correlated with the extent of fluorescence (13, 14) . The data is given relative to the chitin / glucan amount determined in the wt strain BY4741 in the absence of AFP (set as 100%). The errors bars indicate standard deviations for quadruple experiments. B, Microscopic images of wt and chs1Δ strains stained with CFW. Pictures were taken using fixed exposure time (100 msec). The increase in CFW fluorescence intensity in the presence of AFP (400 μg/ml) reflects enhanced chitin levels at cell walls. Bar, 10 μm. C, Plate sensitivity assay using 50 µg/ml CFW. Equivalent numbers of cells were serially diluted and aliquots were spotted on YPD medium containing or lacking CFW. Plates were photographed after 3 days of incubation at 28 °C. Fig. 4 . Calcium-dependent cell wall remodeling in S. cerevisiae. A, BY4741 cells harvested from a logarithmically grown culture were treated with different amounts of AFP (0, 150, 400 μg/ml) for 1 h, after which total RNA was isolated and analyzed. Transcript levels were quantified by densitometry using the 18S rRNA signal for calibration. All values are expressed relative to the respective untreated control. Data from a representative experiment is shown. B and C, Amount of chitin in S. cerevisiae strains in the absence or presence of 150 µg/ml AFP. The data is given relative to the chitin amount determined in the wt strain BY4741 in the absence of AFP (set as 100%). The errors bars indicate standard deviations for triplicate experiments. D, AFP-sensitivity assay of BY4741 (using 150 µg/ml AFP) in the presence of 50 nM BAPTA or 10 nM FK506. These concentrations of BAPTA and FK506 were chosen because being the maximum concentrations that do not inhibit growth of BY4741 (data not shown). The data is given relative to the growth of the wt strain BY4741 in the absence of AFP (set as 100%). The errors bars indicate standard deviations for quadruple experiments. Fig. 5 . Crz1p-dependent chitin response in S. cerevisiae. A, Growth of BY4741 and derived mutants in the presence of 400 µg/ml AFP. Growth is expressed as percentages compared with the negative control, which consisted of the strains cultivated in the absence of AFP. The errors bars indicate standard deviations for triplicate experiments. B, Amount of chitin in the chs1Δcrz1Δ double mutant (strain JPSc1.4) when cultivated in the absence or presence of 150µg/ml AFP. As control, a chs1Δ strain was used in which the URA3 selection marker, used to delete CRZ1 (see Experimental procedures), integrated heterologously in the genome of the chs1Δ strain (strain JPSc1.6). We used this strain as reference to avoid artifacts due to nonmatching auxotrophies between mutant and reference strain (67) . The data is given relative to the chitin amount determined in the wt strain BY4741 in the absence of AFP (set as 100%). Mean values of a duplicate experiment are given. Fig. 6 . Effects of stimulated calcium signaling on AFP susceptibility of A. niger. 10 7 spores/ml of the wt strain N402 were allowed to germinate in YPD medium for 5 h, after which 100 mM of CaCl 2 were added (as a negative control, H 2 O was added). After 3 h or 6 h of further cultivation, germlings were washed twice with YPD and thereafter incubated in YPD supplemented without or with 10 µg/ml AFP. A, Growth was assessed by measuring OD 600 after 24 h and is expressed as percentages compared to the growth of N402 in the absence of AFP (set as 100%). The errors bars indicate standard deviations for triplicate experiments. B, Northern analysis of chsD gene expression after 6 h of calcium priming. 5 μg of total RNA from calcium treated and non-treated samples were hybridized with a chsD probe. Methylen blue stained 18 S RNA confirmed equal loading. Fig. 7 . Cytotoxic activities of AMPs and the microbial response. (A) The damage-response framework of microbial pathogenesis is reflected by a parabolic curve (53) (54) (55) . When translating this concept to the AMP-microorganism interaction, the y-axis denotes microbial damage which is defined as a perturbation of cell homeostasis. The microbial damage is a function of the microbial response, which in terms of quality and quantity, can be considered as weak, appropriate or (too) strong. Both a too weak and a too excessive response will damage or kill the microorganism. (B) The csmB and the chsV mutation are protective for A. niger and F. oxysporum, respectively, whereby the latter makes F. oxysporum insensitive against AFP. With a question mark we denote the possible scenario that a signaling pathway meant to protect the microorganisms causes self-damage when deregulated, e.g. increased cytoplasmic calcium concentrations might induce apoptosis. (C) The curve in C is more flattened compared to B to indicate that S. cerevisiae is in general less susceptible to AFP than filamentous fungi. Plotted are different S. cerevisiae deletion mutants, which we observed to enhance or diminish AFP-induced damage based on their chitin response. Most importantly, the damage-response framework also opens the possibilities to include the paradoxical effect of improved growth in the presence of AFP which we have observed for three S. cerevisiae mutants ( Table 1 , group F). Fig. 8 . Proteins and signaling pathways of S. cerevisiae involved in AFP counteraction. Proteins being of major importance for the defense against AFP are indicated in bold, proteins which contribute to a lesser extent are given in italics. Proteins which were not included in the screening assay (e.g. because of essential cell functions) are indicated with a question mark. The interconnection of proteins into signaling networks is based on (17, 21, 36) . [58] GUP1 [54] BEM4 [53] ILM1 [53] MNN11 [47] CYK3 [44] CLA4 [31] FAB1 [23] WHI2 [21] PHO5 [20] EDE1 [19] TUS1 [19] PKR1 [18] OPI3 [17] AST1 [16] MSN5 [15] EMP24 [15] ELO1 [14] HXT8 [14] DEP1 [12] F >>100 FKS1 [62] GAS1 [81] FPS1 [17] *: Each 10 3 cells were cultivated in YPD medium containing 400 µg/ml AFP for 28 h. Growth is expressed in % compared to the control (cells not treated with AFP). The growth of the wild type strain BY4741 is 100% in both the absence and presence of AFP. § : Chitin levels as determined in (36) are given in square brackets (in nmoles GlcNAc / mg dry weight). For comparison, the chitin content of BY4741 according to (36) is 16 nmoles GlcNAc / mg dry weight. 
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